Abstract In an attempt to find new types of anti-hypoxic agents from herbs, we identified 5-hydroxymethyl-2-furfural (5-HMF) as a natural agent that fulfills the criterion. 5-HMF, the final product of carbohydrate metabolism, has favorable biological effects such as anti-oxidant activity and inhibiting sickling of red blood cells. The role of 5-HMF in hypoxia, however, is not yet. Our pilot results showed that pretreatment with 5-HMF markedly increased both the survival time and the survival rate of mice under hypoxic stress. The present study was aimed to further investigate the protective role of 5-HMF and the underlying mechanisms in hypoxic injury using ECV304 cells as an in vitro model. ECV304 cells pretreated with or without 5-HMF for 1 h were exposed to hypoxic condition (0.3% O 2 ) for 24 h and then cell apoptosis, necrosis, the changes of mitochondrial membrane potential (MMP) and the expressions of phosphorylation-extracellular signal-regulated kinase (p-ERK) were investigated. Pretreatment with 5-HMF markedly attenuated hypoxia-induced cell necrosis and apoptosis at late stage (p<0.01). Furthermore, pretreatment with 5-HMF rescued both the decline of the MMP and the increase of p-ERK protein under hypoxia. In a word, these results indicated that 5-HMF had protective effects against hypoxic injury in ECV304 cells, and its effects on MMP and p-ERK may be involved in the mechanism.
Introduction
Oxygen is essential for the survival of mammals, and severe hypoxia can lead to highly detrimental events (Ngoh et al. 2009 ). Environmental factors such as altitude and selfrelated factors such as atherosclerosis, cancer, and ischemia may initiate hypoxic injury (Semenza 2004; Pattinson et al. 2005) . Hypoxic injury is becoming a primary threat to the health of humans. There is an urgent need to develop effective therapies to prevent hypoxic injury.
It is well known that the hypoxic response in mammalian cells occurs through a number of mechanisms (Wotzlaw and Fandrey 2010) . To our knowledge, extracellular signalregulated kinase (ERK)/mitogen-activated protein kinases (MAPKs) pathway plays a crucial role in almost all cell functions. Phosphorylation of ERK is activated in response to many kinds of stress and the activity of ERK can mediate two apparently opposing processes from cell proliferation to cell death (Cagnol and Chambard 2010; Khavari and Rinn 2007; Mebratu and Tesfaigzi 2009) . There is now increasing evidence that ERK has the dual effects in hypoxia and compounds that influence ERK can function as protective agents (Montagut and Settleman 2009; Muslin 2008; Ohori 2008) . Furthermore, mitochondria participate in the process of hypoxic response in different ways and the mitochondrial membrane potential (MMP) can reflect the function of mitochondria (Seol et al. 2009; Wang et al. 2009a, b; Snyder and Chandel 2009) . It is reported that recovery of MMP can protect against ROS-mediated injuries such as hypoxia and ischemia (Iijima 2006; Zhou et al. 2009 ). Therefore, the maintenance of MMP is very important to prevent from hypoxic injury.
5-hydroxymethyl-2-furfural (5-HMF) is the final product of carbohydrate metabolism. It exists abundantly in a lot of plants and food which have carbohydrate (Nguyen et al. 2005; Wu 2009 ). Its molecular formula is C 3 H 6 O 3 . It has been reported that 5-HMF has favorable biological effects such as anti-oxidant activity, inhibiting sickling of red blood cells and ameliorate hemorheology (Abdulmalik et al. 2005; Okpala 2006; Lin et al. 2008; Li et al. 2009; Villela et al. 2009 ).
As we know, the mechanism of hypoxic injury contains the process of oxidative stress (Kehrer and Park 1991; Zhu et al. 2009 ). Since 5-HMF has antioxidant activity, we investigated whether it may protect against hypoxic injury and further explored the possible mechanisms involved.
Materials and methods

Materials
The materials used for this study include the following: RPMI1640 (GIBCO, USA), 5-HMF and Rho123 (Sigma, USA), LDH kits (Zhongsheng, China); Annexin V&PI apoptosis test kit (Baosai, China), and p-ERK and ERK antibody (Santa Cruz, USA); β-actin antibody (Sigma, USA).
Cell culture and hypoxia ECV304 cells were maintained in RMPI 1640 medium (GIBCO, USA) supplemented with 10% fetal calf serum (Hyclone, USA), 100 U/ml penicillin and 100 U/ml streptomycin in a humidified atmosphere containing 5% CO 2 at 37°C. After the cells were pretreated with or without 5-HMF for 1 h, they were exposed to 0.3% O 2 at 37°C for 24 h in a hypoxic chamber (Oligo, USA). The normoxic cells were simultaneously cultured in a humidified atmosphere containing 5% CO 2 at 37°C.
Flow cytometric detection of apoptotic cells
Cells were collected by centrifugation and washed with phosphate buffered saline (PBS). According to the manufacturer's instructions of the kit (Baosai, China), the pellet was suspended in 200 μl of binding buffer, and then 10 μl of Annexin V-FITC (20 μg/ml) and 5 μl of PI (50 μg/ml) were added. After 15 min, another 300 μl of binding buffer was added to the mixture, and it was then analyzed by flow cytometry. Fluorescence was detected through a filter by using a FACS Calibur flow cytometer (Becton Dickinson, USA). At least 10,000 cells were analyzed in each sample. Annexin Vpositive and PI-negative cells were defined as apoptosis at early stage, while both Annexin V-and PI-positive cells were defined as apoptosis at late stage.
Trypan blue exclusion assay Cells were collected by trypsinization and centrifugation. The pellet was suspended in culture medium, and then 100 μl of suspension was added to 400 μl of 0.4% trypan blue solution. The number of blue-stained dead cells and non-stained living cells were then counted with a hemacytometer within 3 min. The cell mortality rate (%) was calculated as the number of dead cells divided by the number of total cells, multiplied by 100 (Fang et al. 2010; Valadares et al. 2009; Wang et al. 2009a, b) .
LDH assay
At the end of incubation, the supernatant was collected from the plates and the LDH content was determined using the LDH assay kit according to the manufacturer's instructions.
Determination of mitochondrial membrane potential
To determine the change of MMP in cells, flow cytometry was applied using Rhodamine 123 (Rh-123) staining (Wu et al. 2008 ). The cells were harvested and washed with icecold PBS twice by centrifugation at 1,000 rpm for 10 min, and then 0.5 ml PBS contained 10 μg/ml Rh-123 was added to the cells. The tubes were vortexed gently and incubated at 37°C in the dark for 30 min, then were washed with ice-cold PBS twice by centrifugation at 1,000 rpm for 10 min. 0.5 ml PBS was added to the cells. Flow cytometric analysis was carried out by FACScan.
Western blot analysis
After treatment, cells were washed with PBS, scraped, and centrifuged for 30 s at 4,500 rpm. Total protein extract buffer (RIPA buffer-50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), which contained protease inhibitors and phosphatase inhibitors was added to each sample on ice for 30 min, and then samples were centrifuged for 20 min at 14,000 rpm. Protein concentration was determined by the Bradford protein assay, and the samples were stored at −80°C. For western blot analysis, 100 μg of protein was subjected to SDS-PAGE under reducing conditions, and proteins were then transferred to nitrocellulose membranes.The membrane was blocked for 2 h at room temperature with 5% w/v nonfat dried milk in PBST. The blots were incubated with p-ERK, ERK, and β-actin antibodies (1:1,000, 1:1,000, and 1:10,000 dilutions) overnight at 4°C, followed by incubation for 2 h with the secondary antibody (1:1,000 dilution). The presence of the target proteins was revealed by a chemiluminescence assay.
Statistical analysis
Data were expressed as mean±SD and assessed with one-way ANOVA followed by SPSS software. Comparisons between normoxic group and hypoxic group or hypoxic group and group pretreated with 5-HMF under hypoxia were made with unpaired Student's t test. Differences between groups were considered to be significant at P<0.05.
Results
5-HMF protected cells against hypoxia-induced necrosis and apoptosis at late stage
Our pilot data suggest that 5-HMF protects against hypoxic injury in vivo. We next investigated the role of 5-HMF in anti-hypoxic injury in vitro using ECV304 cells. Cells were exposed to hypoxia for 24 h after treatment with different concentrations of 5-HMF. The MTT assay revealed decreases in ECV304 cell survival after exposure to hypoxia for 24 h compared with the normoxic group, and 200 μg/ml 5-HMF treatment significantly increased the viability compared with the hypoxic control (data not shown). We subsequently tested the effects of 5-HMF on apoptosis and necrosis after cells were exposed to hypoxia for 24 h. Cells were stained with annexin V and PI, and the percentage of apoptotic cells was determined by flow cytometry. Apoptotic cells at early stage were defined as Annexin V positive and PI negative, while apoptotic cells at late stage and necrotic ones were defined as Annexin V and PI positive. As shown in Fig. 1a , under normoxia, there were few apoptotic cells (7.1±2.0%) and 200 μg/ml 5-HMF did not affect the apoptotic rate (6.8±0.5%). After hypoxia, there was obvious increase in the number of apoptotic cells as compared with those under normoxia (Fig. 1b , the apoptotic rate of 34.0±5.7% vs. 7.1±2.0%; p<0.01), and 200 μg/ml 5-HMF decreased the apoptotic rate about 7% compared with the hypoxic control. Furthermore, interestingly, 5-HMF protected cells against hypoxia-induced necrosis and apoptosis at late stage more significantly than the apoptotic cells at early stage (Fig. 1c, d) .
To confirm this, we therefore investigated whether 5-HMF could rescue cells from necrosis and apoptosis at late stage induced by hypoxia. Necrosis which is characterized by cell membrane disruption and cell content release was evaluated by the trypan blue exclusion assay and the LDH leakage assay. The leakage rate of LDH and the trypan blue exclusion were measured as indexes of cell necrosis and apoptosis at late stage.
As shown in Fig. 2 , using the trypan blue exclusion assay, the cell mortality rate increased significantly from 0.6±1.3% under normoxia to 37.3±10.1% under hypoxia while 200 μg/ml 5-HMF reduced the cell mortality rate by 20% compared with hypoxia control (17.7±5.5% vs. 37.3± 10.1%; p<0.01).
After hypoxia, the LDH leakage rate significantly increased compared with the normoxia control (Fig. 3,  11 .7±1.1% vs. 2.3±0.4%; p<0.01), while 200 μg/ml of 5-HMF decreased the LDH leakage rate compared with the hypoxic control (Fig. 3, 8 .0±1.3% vs. 11.7±1.1%; p< 0.01). All these results suggested that 5-HMF could protect cells against hypoxia-induced necrosis and apoptosis at late stage.
5-HMF up-regulated MMP after hypoxia
Mitochondria participates in the process of apoptosis and necrosis in different ways and the MMP reflects the function of mitochondria (Chen et al. 2010) . To investigate the underlying protective mechanisms of 5-HMF against hypoxia, we assessed the changes of MMP using rhodamine123. Flow cytometry showed that MMP declined after ECV304 cells were exposed to hypoxia for 24 h compared with the normoxia group (Fig. 4; 225.8±20.6 vs. 526.1± 33.3; p<0.01), and 200 μg/ml of 5-HMF rescued the Fig. 3 Effect of 5-HMF on hypoxia-induced LDH leakage rate of ECV304 cells. Cells were pretreated with 200 μg/ml 5-HMF for 1 h followed by treatment with hypoxia for 24 h. The LDH leakage rate was measured as described in the materials and methods section. 5-HMF treatment decreased LDH leakage in hypoxia-stressed ECV304 cells. The LDH leakage rate (%) is the activity of the cell supernatant divided by the activity of cells in total. All data were expressed as means±SD, n=10; **p<0.01 versus normoxia control; ##p<0.01 versus hypoxia control. Nor normoxia, Hyp hypoxia, 5-HMF 200 μg/ ml 5-HMF Fig. 2 Effect of 5-HMF on hypoxia-induced cell mortality. Cells were pretreated with 200 μg/ml 5-HMF for 1 h followed by treatment with hypoxia for 24 h. Cell mortality was measured as described in the materials and methods section. 5-HMF treatment decreased cell mortality in hypoxia-stressed ECV304 cells. Values are expressed as a percentage (%), which was the number of dead cells divided by the total cells, multiplied by 100. All data were expressed as means±SD, n=5; **p<0.01 versus normoxia control; ##p<0.01 versus hypoxia control. Nor normoxia, Hyp hypoxia, 5-HMF 200 μg/ml 5-HMF Fig. 4 ; 268.1±23.6 vs. 225.8±20.6; p<0.05). These results suggested that the protective role of 5-HMF in anti-hypoxia might be involved in regulation of mitochondrial function.
Effect of 200 μg/ml 5-HMF on p-ERK expression
Meanwhile, ERK has been shown previously to mediate cellular adaptive processes to a hypoxic stress as a pivotal factor. But it is unclear whether ERK was also associated with the process of 5-HMF protection against hypoxiainduced cell necrosis and apoptosis at late stage. We measured the expression of ERK by western blotting. As reported, hypoxia led to increased p-ERK protein. Interestingly, compared with the hypoxic cells, the immunoblots revealed a decrease in the levels of p-ERK protein of the 5-HMF pretreated cells under hypoxia (Fig. 5) . The above data indicated that 5-HMF inhibited the expression of p-ERK, which might be involved in the protective role of 5-HMF against hypoxic injury.
Discussion
It is well known that oxygen homeostasis represents a fundamental physiological process and hypoxia is a serious stress that can cause a lot of detriments. Necrosis and apoptosis play a great role in the process (Bacon and Harris 2004; Kulkarni et al. 2007; Bursch et al. 2008) . Blocking the necrosis and apoptosis process induced by hypoxia may help to slow down or even prevent the occurrence and progression of the injuries. Therefore, it is very important to find a critical molecule involved in the mechanisms of protecting against hypoxia-induced necrosis and apoptosis to prevent hypoxic injury. 5-HMF, the final product of carbohydrate metabolism, has been reported to have favorable biological effects such as anti-oxidant activity, inhibiting sickling of red blood cells and ameliorate hemorheology. However, the role of 5-HMF in antihypoxic injury is still unclear and the possible mechanism remains to be clarified, especially at cellular level. In the present study, we have focused on demonstrating the protective effects of 5-HMF against hypoxia and the possible molecular mechanisms underlying the effects. Our pilot study showed that 5-HMF could increase both the survival time and the survival rate of mice (data not shown). In this study, we further approached the protective effects of 5-HMF against hypoxia in vitro. The results indicated that 5-HMF could improve the viability of cells Cells were pretreated with 200 μg/ml 5-HMF for 1 h followed by treatment with hypoxia for 24 h. Total cell extracts were analyzed with Western blotting using a mouse polyclonal antibody to p-ERK, β-actin levels were performed to assess the total amount of proteins loaded on the gel. Nor normoxia, Hyp hypoxia, 5-HMF 200 μg/ml 5-HMF under hypoxic conditions, thus it confirmed protective effects of 5-HMF against hypoxia. The degree of injury to capillary endothelial cells under hypoxia and ischemia and the integrity of their tight junctions are important for the integrity of the BBB (Torii et al. 2007; Culot et al. 2009 ). Human umbilical cord vein endothelial cells (ECV304 cells) are morphologically and biochemically similar to primary endothelial cells. They are therefore favorable for the study of endothelial cells in vitro and have been used extensively in this respect (Luo et al. 2002; Zhao et al. 2008 ). Thus, we further verified the protective effects of 5-HMF primarily in ECV304 cells. Our present study confirmed that hypoxia for 24 h significantly increased cell necrosis and apoptosis at late stage as evidenced by elevated apoptotic rate, LDH leakage rate, and mortality rate. However, pretreatment with 200 μg/ml of 5-HMF greatly reduced apoptotic rate, LDH leakage rate, and mortality rate. These findings strongly suggested that 5-HMF might exert a protective effect against the hypoxia-induced cytotoxicity and inhibit cell necrosis and apoptosis at late stage in response to hypoxia.
On the basis of the obtained results that 5-HMF protected against necrosis and apoptosis at late stage induced by hypoxia, further investigation was performed with focuses on the possible mechanisms involved in the protective effects of 5-HMF. It is well known that mitochondria participates in the process of anti-apoptosis and necrosis in different ways and the MMP can reflect the function of mitochondria (Seol et al. 2009; Wang et al. 2009a, b) . It is reported that recovery of MMP can protect against injuries such as diabetes, hypoxia, and ischemia (Iijima 2006; Manna et al. 2009; Seol et al. 2009 ). Interestingly, we found that hypoxia for 24 h declined MMP and 200 μg/ml of 5-HMF rescued the decline of MMP partly. These findings suggested that 5-HMF protected against necrosis and apoptosis at late stage induced by hypoxia via a mitochondria-mediated pathway.
Recent studies show that ERK activation functions upstream of mitochondrial dysfunction and further initiates apoptosis or necrosis (Dagda et al. 2009; Zhuang et al. 2008) . ERK/MAPKs pathway is responsible for activation of cell survival/damaging mechanisms (Seger and Krebs 1995) . As noted above, phosphorylation of ERK is activated in response to many kinds of stress, and its effect changes with different conditions, depending on the stimulus and its persistence time, and inhibition of p-ERK expression by U0126-reduced endothelial cell death by OGD (Narasimhan et al. 2009) . In this study, we hypothesized that the mechanism by which 5-HMF inhibited hypoxic stress-induced cell necrosis and apoptosis at late stage lies in the inhibition of p-ERK protein. In agreement with the previous study, phosphorylation of ERK was significantly activated in hypoxia as shown in Fig. 5 .
Interestingly, compared with hypoxia control, the expression level of p-ERK protein in cells pretreated with 5-HMF was decreased under hypoxia. These results indicated that 5-HMF inhibited the activation of ERK protein, which might be involved in the protective role of 5-HMF against hypoxia.
Taken together, our findings suggest directly that 5-HMF can prevent damage from severe hypoxia. Although the mechanisms are not fully elucidated, the protective role of 5-HMF is closely associated with the function of mitochondria and the expression of p-ERK protein. The detailed mechanisms need to be further investigated.
